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Edited by Robert BaroukiAbstract One strategy for investigating desiccation tolerance is
to use mammalian cells, which are sensitive to desiccation, as a
model for testing putative adaptive mechanisms. However, how
mammalian cells themselves respond to desiccation is poorly
characterised. Although MAPK signal transduction pathways
are activated by desiccation of human cells, hypertonicity-
responsive genes AR, BGT1 and SMIT are not signiﬁcantly
induced, although they are proposed to be regulated by physio-
logical changes which should occur during drying. To determine
whether a response to desiccation occurs at the transcriptional le-
vel in human cells, we performed genome-wide microarray anal-
ysis. Twenty upregulated genes, including early stress response
and transcription factor genes, were identiﬁed, most of which,
e.g., EGR1, EGR3, SNAI1, RASD1 and GADD45B, were also
induced by hypertonicity, indicating common regulatory mecha-
nisms. Our data suggest that human cells can initiate a complex
desiccation stress response distinct from, but overlapping with,
that to hypertonic stress.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Water is essential to life, but certain organisms (e.g., rotifers,
nematodes, and tardigrades) can survive almost complete des-
iccation by entering anhydrobiosis, a unique dry state of
reversible metabolic arrest. As a survival strategy in nature,
anhydrobiosis involves morphological and physiological adap-
tations to desiccation, but the molecular mechanisms govern-
ing the adaptative responses are far from fully understood
[1]. Deﬁnition of desiccation-induced genes in anhydrobiotic
organisms should identify key adaptations and thus provide
a gene set for potential use in anhydrobiotic engineering, which
aims to confer desiccation tolerance on otherwise sensitive cells
or organisms [2]. A number of advantages have made mamma-
lian cell cultures the model of choice for anhydrobiotic
engineering, including ease of growth and modiﬁcation, well-
characterised cell physiology, genetics and biochemistry, and
potential biomedical applications of desiccation-tolerant cell
types (e.g., for biosensors or tissue engineering; [2,3]). Surpris-
ingly, however, little information is available on the response*Corresponding author. Fax: +44 1223 334162.
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doi:10.1016/j.febslet.2005.07.084of mammalian cells to desiccation, even though such informa-
tion is fundamental to research in this ﬁeld.
We have recently shown that a human cell line derived from
embryonic kidney, which is not desiccation tolerant, is capable
of responding to desiccation stress via rapid activation of JNK
and p38 mitogen-activated protein kinases (MAPKs), within
the same time-scale as the response to hypertonic stress, which
also results in MAPK activation [4]. One of the most impor-
tant functions of MAPK signalling networks is to modulate
gene expression in response to pathophysiological stimuli
and environmental stresses [5]. However, although similar
MAPK activation proﬁles result from desiccation and hyper-
tonic stress, gene induction patterns diﬀer: three genes which
are upregulated by hypertonicity – AR (aldose reductase),
BGT1 (betaine-c-amino-n-butyric acid transporter) and SMIT
(sodium-dependent myo-inositol transporter), all of which gov-
ern organic osmolyte accumulation – are not induced by desic-
cation [4]. The diﬀerence in the transcriptional response of
these genes to the two closely related dehydration stresses is
puzzling because, in osmotically stressed cells, their expression
is reported to be regulated by changes in intracellular ionic
strength and cell volume due to osmotic eﬄux of water [6].
Changes in ionic strength and cell volume are also expected
to occur in drying cells suﬀering evaporative water loss, but
since AR, BGT1 and SMIT are not upregulated by desiccation,
it is likely that other factors are also involved [4,7].
To improve our understanding of the response of mamma-
lian cells to desiccation stress, and speciﬁcally to determine
whether mammalian cells are capable of responding at the level
of gene expression, we performed cDNA microarray analysis
and quantitative real-time PCR to identify desiccation-respon-
sive genes. We found that most of the desiccation-sensitive
genes were also induced by hypertonicity imposed by a range
of osmotica (NaCl, disaccharides and sugar alcohols), suggest-
ing signiﬁcant overlap in the transcriptional response to osmo-
tic and evaporative water loss, at least in the early stage of the
stress response.2. Methods
2.1. Cell cultures and stress treatments
Human embryonic kidney cell line, T-REx 293, was maintained as
described [4]. Cells were grown to near conﬂuence in air-vent culture
dishes prior to stress treatment, which was performed on the same
number of cells in an identical fashion in each experiment. For desic-
cation, medium was ﬁrst carefully removed by two sequential pipetting
operations, with a brief draining period in between when the dish is
tilted on its side. Then cells were placed in a saturated CuSO4 humidity
chamber (98% relative humidity; RH) and dried at 37 C for indicated
times. Thus, although cell water content was not determined directly,
we expect that drying occurred in a similar fashion from experimentblished by Elsevier B.V. All rights reserved.
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conﬂuent cell cultures were further incubated at 37 C for indicated
times after the medium was replaced with (a) fresh medium (normal
medium control), (b) medium containing 100 mM NaCl or 200 mM
trehalose, sucrose, mannitol or sorbitol (hypertonic stress), and (c)
medium without serum or glucose (starvation).
2.2. Microarray analysis
Near conﬂuent T-REx 293 cells in tissue culture petri dishes (90 mm)
were partially dried as above at 37 C for 8 h. Total RNA was pre-
pared from control and dried cells using the RNAeasy kit (Qiagen, Hil-
den, Germany). After reverse transcription and labelling, the resulting
cDNA mixture was hybridised with Human Known Gene SGC Oligo
Set Arrays (19k oligos; produced by the Human Genome Mapping
Project Resource Centre, Hinxton, UK) using the facilities at the
MRCMammalian Genetics Unit, Harwell, UK. Microarray data were
analysed using GeneSpring software (Silicon Genetics, Redwood City,
CA); details given in [8].
2.3. Quantitative real-time PCR
Real-time PCR analysis was performed essentially as described [4].
Brieﬂy, T-REx 293 cells were grown in 0.5 ml medium in multidishes
(1.9 cm2/well), and cDNA was prepared using the Cells-to-cDNA II
kit (Ambion, Huntingdon, UK) and diluted 10–20 times with water.
Relative quantiﬁcation of cDNA was performed using a Rotor-Gene
RG3000 (Corbett Research, Sydney, Australia) and QuantiTect SYBR
Green PCR Kit (Qiagen). The 18S rRNA gene transcript was used as a
reference gene in addition to ACTB (b-actin) and GAPDH (glyceralde-
hyde 3-phosphate dehydrogenase) as previously. Primers of target gene
transcripts are listed in Supplementary Material.3. Results
3.1. Genes induced by desiccation stress
To identify genes responsive to desiccation stress, we em-
ployed cDNA microarray analysis using RNA samples fromTable 1
Desiccation-responsive genes identiﬁed by cDNA microarray analysis
Gene Description
Upregulated genes (>2-fold in all replicates)
IER3 (IEX-1) Immediate early response 3; immediate early
EGR1 Early growth response 1
EGR3 Early growth response 3
SNAI1 Snail homolog 1 (Drosophila)
FOXG1B Forkhead box G1B
RASD1 RAS, dexamethasone-induced 1
THBS1 (TSP1) Thrombospondin 1
CTGF Connective tissue growth factor
CITED2 Cbp/p300-interacting transactivator, with G
ADM Adrenomedullin (ADM precursor)
CRSP7 Cofactor required for Sp1 transcriptional ac
CXCR4 Chemokine (C–X–C motif) receptor 4
GADD45G Growth arrest and DNA-damage-inducible
SGK Serum/glucocorticoid regulated kinase
SNK (PLK2) Serum-inducible kinase; polo-like kinase 2 (
ANKRD10 Ankyrin repeat domain protein 10
NPD014 NPD014 protein, transcript variant 2, mRN
– Hypothetical protein
– T cell mRNA, 126 bp
– mRNA for KIAA1321 protein, partial cds
Downregulated genes (>2-fold in all replicates)
CDCA4 Cell division cycle associated 4
CDK5RAP3 CDK5 regulatory subunit associated protein
– Human XIST, coding sequence ‘‘d’’ mRNA
– Human XIST, coding sequence ‘‘c’’ mRNA
– Full length insert cDNA clone YP24E09
– mRNA from HIV-associated non-Hodgkin
– cDNA FLJ10071 ﬁs, clone HEMBA1001702control and dried T-REx 293 cells; 50% of the cells survived
the drying conditions (98% RH at 37 C for 8 h; [4]). The
microarray experiment was performed in triplicate (with a bio-
logical and a technical replicate), and transcripts showing more
than 2-fold induction or suppression in all three replicates were
considered as candidate genes responsive to desiccation (Table
1). Notably, several of the genes identiﬁed were early response
genes and/or zinc ﬁnger transcription factors, e.g., IER3,
EGR1, EGR3, SNAI1 and CITED2. Other candidate genes
identiﬁed, with functions of potential relevance to a desicca-
tion response, are: SGK [9], regulation of cellular hydration
and cell volume; CTGF [10] and THBS1 [11], cell–extracellular
matrix interactions; and SNK [12] and two downregulated
genes, CDCA4 and CDK5RAP3, cell cycle regulation.
3.2. Time course of gene induction by desiccation stress
Most of the annotated desiccation-responsive genes identi-
ﬁed by microarray analysis were further examined by quantita-
tive real-time PCR analysis after T-REx 293 cells were dried
for diﬀerent times. The threshold cycle number (Ct) for control
and desiccation samples was very close for ACTB and GAPDH
reference transcripts, respectively, when cells were dried for up
to 12 h, but Ct increased when cells were dried for longer peri-
ods, probably due to decreased cell viability. The Ct of another
reference transcript, 18S rRNA, was similar between control
samples and samples dried for up to 6–8 h but again increased
after longer drying times. ACTB and GAPDH were used rou-
tinely as the reference genes in our studies for cells dried for up
to 12 h (50% viability). Where tested, i.e., for 16 out of 20
upregulated genes and one of the six downregulated genes,
real-time PCR results agree with microarray data and conﬁrm
that the genes identiﬁed are regulated by drying.Accession No.
gene X-1 NM_003897
NM_001964
NM_004430
NM_005985
NM_005249
NM_016084
NM_003246
NM_001901
lu/Asp-rich carboxy-terminal domain, 2 NM_006079
NM_001124
tivation, subunit 7 NM_004831
NM_003467
NM_006705
NM_005627
Drosophila) NM_006622
NM_017664
A NM_020317
AL049299
Z36505
AB037742
NM_017955
3 AF110322
X56196
X56197
AF085880
s lymphoma Y17179
AK000933
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desiccation is presented in Fig. 1, which was referenced to
ACTB and normalised to untreated cells. Some of the genes,Fig. 1. Time course of gene induction by desiccation stress. Following
complete removal of medium, near conﬂuent T-REx 293 cells in
multiwell plates were air-dried at 98% RH for the indicated times and
lysed directly in the wells for total RNA extraction. After reverse
transcription, relative gene quantiﬁcationwas analysedby real-timePCR
and normalised to untreated cells with ACTB as a reference transcript.i.e., EGR1, EGR3, SNAI1, RASD1 and CTGF, were appar-
ently induced >100-fold after 6–12 h drying at 98% RH
(Fig. 1A). The genes shown in Fig. 1B, i.e., IER3, GADD45B,
ADM, CXCR4 and SNK, were upregulated 20–100-fold using
the same drying regime, while CITED2 and ANKRD10 were
slightly induced (<10-fold) and CDCA4 was marginally down-
regulated (Fig. 1C). GAPDH and 18S rRNA control data are
also included in Fig. 1C: GAPDH mRNA levels are approxi-
mately constant throughout the experiment, although 18S
rRNA was somewhat lower after >6 h drying.
3.3. Induction of desiccation-responsive genes by hypertonic
stress
Water loss through desiccation may also generate secondary
stresses such as hypertonic stress, and indeed some of the
above genes, e.g., EGR1 [13] and GADD45 [14], have been re-
ported to be induced by hypertonicity. Therefore, we investi-
gated whether desiccation-responsive genes were also aﬀected
by elevated osmolarity. As summarised in Table 2, most desic-
cation-responsive genes were signiﬁcantly induced by 100 mM
NaCl at all time points examined (8, 16, 24 h hypertonic
shock); although there were minor diﬀerences in expression
levels between time points after hypertonic shock, they are
quite similar from 8 h up to 24 h. For comparison with the des-
iccation response, the data in Table 2 are indicative of experi-
ments at 8 h. The response observed contrasts with that of
BGT1, which is not upregulated until after the 8 h time point,
as noted previously [4]. A similar response was noted when or-
ganic osmolytes were used at a comparable osmolarity; indeed,
the level of gene induction was often higher: some genes (e.g.,
EGR3, SNAI1 and RASD1) were induced >100-fold by
200 mM trehalose when referenced to ACTB; similar results
were also obtained when another disaccharide, sucrose, or
two sugar alcohols, mannitol and sorbitol, were used as the
hypertonic agent.3.4. Eﬀect of starvation on desiccation-responsive genes
Cells are likely to suﬀer starvation during the desiccation
time course due to the removal of culture medium and it is
therefore possible that the gene induction observed during dry-
ing is caused by nutrient or growth factor depletion. To test
this, we examined the eﬀect of starvation by serum or glucose
withdrawal for up to 24 h on desiccation-responsive gene activ-
ity. A modest eﬀect was noted for RASD1 which was induced
by a maximum of 18-fold after 16 h of serum starvation; other
genes, i.e., SNK and CTGF, were upregulated to a much lesser
extent. CXCR4, CRSP7, SGK, GADD45B and ADM might
also be marginally induced by either serum or glucose with-
drawal. However, even for RASD1, which showed the largest
eﬀect, induction levels were very low compared to those result-
ing from desiccation or osmotic stress (Table 2). Therefore, it is
likely that there is little contribution from starvation to the
regulation of desiccation-responsive genes described here.4. Discussion
Water is essential to all life forms, and how cells respond to
water loss, e.g., through desiccation or hypertonicity, is an
important area of stress physiology. In this report, we show
that human cells are able to respond to evaporative water loss
Table 2
Comparison of gene response to dehydration and starvation
Gene Desiccation Hypertonicity Starvation
NaCl Trehalose Sucrose Mannitol Sorbitol Serum Glucose
IER3 ++ + ++ ++ +/++ +/++  
EGR1 ++/+++ + +++ ++/+++ ++/+++ ++  
EGR3 ++/+++ +/++ +++ +++ +++ +++ / 
SNAI1 +++ +/++ +++ +++ ++/+++ +++  
RASD1 ++/+++ +/++ ++/+++ ++/+++ ++/+++ ++/+++ /+ +
THBS1 ++ + +++ +++ +++ +++  
CTGF ++ + +/++ ++ +/++ +/++ /+ /+
CITED2 + + + + + +  
ADM +/++ + + +/++ + +  /+
CRSP7 + + + + + + /+ 
CXCR4 +/++ + +/++ +/++ +/++ +  /+
GADD45Ba ++ + ++/+++ ++ ++ ++  /+
SGK +  + + + +  +
SNK +/++ + +/++ +/++ + + /+ /+
ANKRD10 + /+      
CDCA4    / /   
Near conﬂuent T-REx 293 cell cultures were treated by desiccation (98% RH after complete removal of medium), hypertonicity (100 mM NaCl or
200 mM trehalose, sucrose, mannitol or sorbitol in medium), or starvation (serum or glucose withdrawal) for 8, 16 and 24 h at 37 C. Similar results
were obtained at all time points, but data for 8 h are shown. Relative gene quantiﬁcation using cDNA was analysed by real-time PCR and normalised
to untreated cells with ACTB as a reference transcript. + (2–20-fold), ++ (20–100-fold) and +++ (>100-fold) denote upregulation;  denotes
downregulation (>2-fold);  denotes no induction (<2-fold changes).
aThe GADD45 gene detected in microarray experiments was GADD45G (Table 1). However, primers corresponding to all three related genes,
GADD45A, GADD45B, and GADD45G were used for real-time PCR analysis. The primers for GADD45B performed best and real-time PCR results
for this gene are shown in the Supplementary Information.
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demonstration of the activation of MAPK signalling cascades
on drying [4], it now seems clear that human cells are able
to sense, and mount a complex response to, impending
desiccation.
Desiccation-responsive genes were initially identiﬁed by
screening microarrays of 19000 human genes using cDNA
from cells air dried for 8 h with reference to control samples:
20 genes were seen to be upregulated, and six downregulated.
The small size of the desiccation gene set might be due to the
limited capacity of human cells to respond to this stress, or be-
cause a relatively early time point during the drying process
was chosen. In addition, technical factors probably decreased
the size of the dataset, since only those genes giving consistent
results in all three replicates were investigated further. How-
ever, recent work by Murray et al. [15] suggests that the tran-
scriptional response to speciﬁc stresses is relatively small in
humans compared to micro-organisms such as yeast (Saccha-
romyces cerevisiae): for example, 123 genes respond to heat
stress in human cell lines, as opposed to 1042 in yeast. Indeed,
we have also performed microarray experiments with cDNA
probes from osmotically stressed human cells and identiﬁed
28 hypertonicity genes, which is comparable to the desiccation
gene set (Z.H. & A.T., unpublished data).
Some overlap in the responses to desiccation and hyperto-
nicity might be expected and our data support this hypothesis.
Thus, although three hypertonicity-responsive human genes
AR, BGT1 and SMIT are not induced by desiccation [4], essen-
tially all desiccation-responsive genes identiﬁed in this report
are also induced by hypertonic stress (Table 2). The similarities
and diﬀerences in the transcriptional response to desiccation
and hypertonicity are presumably a result of which regulatory
pathways are activated. The osmotic response genes AR, BGT1
and SMIT are known to be regulated by the transcription fac-
tor TonEBP/OREBP (tonicity-responsive enhancer/osmotic
response element-binding protein), which itself is controlledby several protein kinases including p38 MAPK, Fyn, protein
kinase A and ATM ([16], and references therein). Stimulation
of AR, BGT1 and SMIT transcription by osmotic stress
through this regulatory network seems to be osmolyte-depen-
dent, however, with NaCl, mannitol and raﬃnose proving
eﬀective, but KCl, trehalose and sorbitol not so ([4,17]; and
references therein). Given this complexity, it is perhaps under-
standable that evaporative water loss does not fulﬁl all the
requirements for expression of AR, BGT1 and SMIT, even
though the primary stimuli proposed to regulate these genes
are changes in intracellular ionic strength and cell volume,
which are also expected to be aﬀected by drying [4,7].
Genes which are expressed under both desiccation and os-
motic stress conditions include the early response genes
IER3, EGR1, SNAI1, GADD45B and CITED2. These genes
are also activated within 8 h in response to heat, oxidation,
crowding and endoplasmic reticulum (ER) stress in human
cells [15] and therefore possibly comprise part of a general
stress response to extracellular stimuli. However, these genes
are not universally induced by all stress conditions since they
were not signiﬁcantly upregulated by starvation. Most of the
desiccation-responsive genes in the present study are known
to be connected, one way or another, to the regulation of cell
survival and death in other types of cellular responses. For
example, the zinc ﬁnger transcription factor encoded by
EGR1 has been implicated in promoting cell growth, but also
in inducing apoptosis [18]; similarly, in thymocytes, the related
gene EGR3 promotes survival when transiently expressed, but
leads to apoptosis when expressed constitutively [19]. SNAI1,
which encodes yet another zinc ﬁnger transcription factor,
inhibits cell cycle progression and has an anti-apoptotic func-
tion [20], while RASD1 suppresses growth when overexpressed
in tumour cell lines [21]. SGK1, encoding serum/glucocorti-
coid-regulated kinase, is induced by reduction in cell volume
[9] and is involved in maintaining Na+ homeostasis [22]; in
breast cancer cells, it exerts an anti-apoptotic function by stim-
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jected to both desiccation and osmotic stresses weigh the bal-
ance of survival and death signals before taking a decision to
follow a particular pathway. The decision made must at least
partially depend on the eﬀectiveness of stress-combatant mea-
sures available to the cell and feedback from these to signal
transduction pathways. The sustained activation of JNK by
desiccation [4], which is associated with cell death, is consistent
with the inability of human cells to survive drying for more
than a few hours. This contrasts with the transient JNK acti-
vation observed under moderate hypertonic stress, which hu-
man cells can tolerate for longer periods. Therefore, it
appears that, despite their intolerance of prolonged desiccation
stress, human cells are able to initiate complex stress response
networks involving both survival and death pathways. Manip-
ulation of life-or-death decision points, together with provision
of suitable protective agents or their genes, might therefore al-
low eﬀective anhydrobiotic engineering of desiccation-sensitive
cells and organisms.
Acknowledgements: We thank Tom Freeman (MRC HGMP Resource
Centre, Hinxton) for providing microarrays and Clare Pritchard, He-
len Hilton and Peter Underhill (MRC Mammalian Genetics Unit,
Harwell) for assistance with microarray hybridisations and data anal-
ysis. This work was supported by Grant No. 8/C17391 from the Bio-
technology and Biological Sciences Research Council, UK.Appendix A. Supplementary data
Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.febslet.
2005.07.084.References
[1] Tunnacliﬀe, A. and Lapinski, J. (2003) Resurrecting Van Leeu-
wenhoeks rotifers: a reappraisal of the role of disaccharides in
anhydrobiosis. Phil. Trans. R. Soc. Lond. B 358, 1755–1771.
[2] Tunnacliﬀe, A., Garcı´a de Castro, A. and Manzanera, M. (2001)
Anhydrobiotic engineering of bacterial and mammalian cells: is
intracellular trehalose suﬃcient?. Cryobiology 43, 124–132.
[3] Bloom, F.R., Price, P., Lao, G.F., Xia, J.L., Crowe, J.H. and
Battista, J.R., et al. (2001) Engineering mammalian cells for
solid-state sensor applications. Biosens. Bioelectron. 16, 603–608.
[4] Huang, Z. and Tunnacliﬀe, A. (2004) Response of human cells to
desiccation: comparison with hyperosmotic stress response. J.
Physiol. 558, 181–191.
[5] Chang, L. and Karin, M. (2001) Mammalian MAP kinase
signalling cascades. Nature 410, 37–40.
[6] Burg, M.B., Kwon, E.D. and Ku¨ltz, D. (1997) Regulation of gene
expression by hypertonicity. Annu. Rev. Physiol. 59, 437–455.[7] Ferraris, J.D. and Burg, M.B. (2004) Drying and salting send
diﬀerent messages. J. Physiol. 558, 3.
[8] Smith, L., Underhill, P., Pritchard, C., Tymowska-Lalanne, Z.,
Abdul-Hussein, S. and Hilton, H., et al. (2003) Single primer
ampliﬁcation SPA of cDNA for microarray expression analysis.
Nucleic Acids Res. 31 (3), e9.
[9] Waldegger, S., Barth, P., Raber, G. and Lang, F. (1997) Cloning
and characterization of a putative human serine/threonine protein
kinase transcriptionally modiﬁed during anisotonic and isotonic
alterations of cell volume. Proc. Natl. Acad. Sci. USA 94, 4440–
4445.
[10] Blom, I.E., Goldschmeding, R. and Leask, A. (2002) Gene
regulation of connective tissue growth factor: new targets for
antiﬁbrotic therapy?. Matrix Biol. 21, 473–482.
[11] Sid, B., Sartelet, H., Bellon, G., El Btaouri, H., Rath, G. and
Delorme, N., et al. (2004) Thrombospondin 1: a multifunctional
protein implicated in the regulation of tumor growth. Crit. Rev.
Oncol. Hematol. 49, 245–258.
[12] Ma, S., Charron, J. and Erikson, R.L. (2003) Role of Plk2 (Snk)
in mouse development and cell proliferation. Mol. Cell Biol. 23,
6936–6943.
[13] Cai, Q., Ferraris, J.D. and Burg, M.B. (2004) Greater tolerance of
renal medullary cells for a slow increase in osmolality is associated
with enhanced expression of HSP70 and other osmoprotective
genes. Am. J. Physiol. Renal Physiol. 286, F58–F67.
[14] Ku¨ltz, D., Madhany, S. and Burg, M.B. (1998) Hyperosmolality
causes growth arrest of murine kidney cells – induction of
GADD45 and GADD153 by osmosensing via stress-activated
protein kinase 2. J. Biol. Chem. 273, 13645–13651.
[15] Murray, J.I., Whitﬁeld, M.L., Trinklein, N.D., Myers, R.M.,
Brown, P.O. and Botstein, D. (2004) Diverse and speciﬁc gene
expression responses to stresses in cultured human cells. Mol.
Biol. Cell 15, 2361–2374.
[16] Irarrazabal, C.E., Liu, J.C., Burg, M.B. and Ferraris, J.D. (2004)
ATM, a DNA damage-inducible kinase, contributes to activation
by high NaCl of the transcription factor TonEBP/OREBP. Proc.
Natl. Acad. Sci. USA 101, 8809–8814.
[17] Woo, S.K., Dahl, S.C., Handler, J.S. and Kwon, H.M. (2000)
Bidirectional regulation of tonicity-responsive enhancer binding
protein in response to changes in tonicity. Am. J. Physiol. Renal
Physiol. 278, F1006-12.
[18] Thiel, G. and Cibelli, G. (2002) Regulation of life and death by
the zinc ﬁnger transcription factor Egr-1. J. Cell. Physiol. 193,
287–292.
[19] Xi, H. and Kersh, G.J. (2004) Sustained early growth response
gene 3 expression inhibits the survival of CD4/CD8 double-
positive thymocytes. J. Immunol. 173, 340–348.
[20] Vega, S., Morales, A.V., Ocana, O.H., Valdes, F., Fabregat, I.
and Nieto, M.A. (2004) Snail blocks the cell cycle and confers
resistance to cell death. Genes Dev. 18, 1131–1143.
[21] Vaidyanathan, G., Cismowski, M.J., Wang, G., Vincent, T.S.,
Brown, K.D. and Lanier, S.M. (2004) The Ras-related protein
AGS1/RASD1 suppresses cell growth. Oncogene 23, 5858–5863.
[22] Zhou, R.F. and Snyder, P.M. (2005) Nedd4-2 phosphorylation
induces serum and glucocorticoid-regulated kinase (SGK) ubiq-
uitination and degradation. J. Biol. Chem. 280, 4518–4523.
[23] Zhang, L.P., Cui, R.W., Cheng, X.D. and Du, J. (2005) Anti-
apoptotic eﬀect of serum and glucocorticoid-inducible protein
kinase is mediated by novel mechanism activating Ij B kinase.
Cancer Res. 65, 457–464.
